Summary. Extratesticular 
Introduction
It is generally accepted that the mammalian epididymis has three functions other than the transport of spermatozoa: the absorption of most of the fluid leaving the testis (Levine & Marsh, 1971) , sperm maturation (Young, 1931) , and the storage of spermatozoa in a quiescent state (Jones, 1973b (Jones, , 1978 Wyker & Howards, 1977) . However, our knowledge of these functions of the mammalian epididymis is limited to a few laboratory and domestic, scrotal, eutherian mammals, and the African elephant (Jones, Rowlands & Skinner, 1974; Jones, 1980) in which the testis and epididymis reside deep within the abdominal cavity (Jones & Brosnan, 1981) . Clearly a knowledge of the function of a wider variety of mammals, particularly the monotremes, is essential to assess the function and evolutionary development of the mammalian epididymis.
The echidna (Tachyglossus) is the most wide ranging of the three extant monotremes (Griffiths, 1978) and unlike the platypus it is a heterothermic endotherm. Earlier studies (Jones & Djakiew, 1978;  Djakiew & Jones, , 1982a confirmed that its testes and epididymides are intraabdominal and that the epididymis is structurally differentiated into only three regions (the ductuli efferentes and the initial and terminal segments of the ductus epididymidis) rather than the 7 or more regions that have been described for the eutherian mammals which have been studied (Reid & Cleland, 1957; Hoffer & Greenberg, 1978; Nicander & Ploen, 1979) .
This report describes studies of spermatozoa in the epididymis of the echidna which were carried out to assess the occurrence of maturational changes. However, since earlier reports (Bedford & Rifkin, 1979; Carrick & Hughes, 1982) have described the ultrastructure of echidna spermatozoa our ultrastructural studies are only mentioned briefly in this report. Fluid absorption by the ductuli efferentes and initial segment of the ductus epididymidis were examined since their individual roles have not been clarified in earlier studies on the epididymis (Levine & Marsh, 1971 ; Turner, Hartmann & Howards, 1977; Hinton, 1979) . The absorption and secretion of proteins was examined because proteins have been implicated in the maturation of spermatozoa (Orgebin-Crist & Jahad, 1978 , 1979 Hoskins, Brandt & Acott, 1978; Lea, Petrusz & French, 1978) and may be involved in their storage. Further, it is anticipated that, by comparison with work on other species (see Cameo & Blaquier, 1976; Brooks & Higgins, 1980; Glos & Parker, 1980; Glos & Brown, 1981) , it may be possible to identify epididymal proteins which may be homologous amongst mammals.
Materials and Methods Animals
Six of the 12 animals used were captured on Kangaroo Island, South Australia, and 6 were captured in the Hunter Valley, New South Wales. Each animal was used for more than one study. The echidna were captured during their mating season (July and August); the epididymal ducts were replete with spermatozoa and histological examination of the testis showed that spermatogenesis was normal.
Sperm maturation
The motility of spermatozoa was examined in undiluted samples of luminal contents which were collected by micropuncture from the epididymal ducts (see below). The samples were mounted between a microscope slide and coverslip (wet mounts) and examined under a phasecontrast microscope.
The development of sperm motility was also studied. Immediately after slaughter, tissue (~3 mm3) was removed from the sampling sites shown in Text- fig. 1 and placed in 0-2 ml calciumfree Krebs-Ringer phosphate (Umbreit, Burris & Stauffer, 1972 ) under 1 ml water-saturated paraffin oil held in embryo dishes at 31°C. The tissue was minced with scissors and then removed after incubation for 10 min to release the spermatozoa. Wet mounts of the samples were prepared and examined under a phase-contrast microscope (Jones, 1971) . The rate of progressive motility was scored on a scale of 0 to 4 and the percentage of motile cells was scored on a scale of 0 to 100.
Congo red-fast green smears of spermatozoa were prepared (Entwistle, 1972) , and 100 spermatozoa were examined under the light microscope and scored as stained or unstained by Congo red.
The ultrastructure of spermatozoa in different parts of the epididymis was examined using sections from 3 animals which were prepared for an earlier study (Djakiew & Jones, 1982a) . Scanning electron microscopy was also used to examine the sperm bundles. Epididymal tissue was prepared by pinning small blocks (-3mm3) to cork and immersing the tissue in 2-5% glutaraldehyde-cacodylate (pH 7-3) at 5°C for 24 h (Hafez et al., 1975 (Griffiths, 1978) during preparation for micropuncture and were maintained within 0-5°C of this temperature. The trachea, a jugular vein and a femoral artery were cannulated immediately after anaesthesia. The jugular vein was infused (Model 341A syringe pump; Sage Instruments, Massachussets, U.S.A.) with heparinized saline (0-24% w/v heparin) at the rate of 6-5 ml/h to maintain body fluids. The cannula in the femoral artery was connected to a mercury U-tube manometer to monitor blood pressure. Haematocrits were prepared at about hourly intervals to monitor blood volume. The mean ± s.e.m. blood pressure (94-0 ± 7-5 mmHg; 5 animals) and haematocrits (33-3 ± 1-1%; 6 animals) remained fairly constant during the experimental period.
The abdominal cavity was entered through a midline incision. The left testis and epididymis was isolated and the proximal end of the ductuli efferentes was ligated with a haemoclip (Week, North Carolina, U.S.A.) to accumulate rete testis fluid for sampling. The right testis and epididymis were prepared for micropuncture by supporting them in a cup, manufactured with Araldite (CIBA-Geigy: HY951 and LC191, 1:8 w/w) for the purpose, with wads of cotton wool soaked in warm (31°C), water-saturated, paraffin oil (Fisher Scientific Co., New Jersey, U.S.A.). The exposed viscera were covered with the oil and during the course of the study the oil was continuously dripped (heater from Institute of Physiology, Munich) onto the reproductive tract.
The micropuncture procedures described by Ullrich, Fromter & Baumann (1969) (Jones, 1973a) , and then osmicated, dehydrated in ethanol and embedded in Araldite. Thin sections with silver and pale gold interference colours were stained with aqueous uranyl acetate (Watson, 1958) and lead citrate (Reynolds, 1963) Matsudaira & Burgess (1978) . The SDSTris glycine gel formulations of Laemmli (1970) were used (except that 0-3% rather than 0-8% N,N'-methylene-bis-acrylamide was used) to form a 10-20% linear gradient separation gel. Bromophenol blue (0-004% w/v) was added to the 10% acrylamide solution and after polymerization the linearity of the gradient was confirmed by densitometry (R&D Quick Scan densitometer: Helena Laboratories, Texas, U.S.A.). Volumes of the micropuncture samples, and molecular weight calibration proteins (Pharmacia, Sweden) which contained 10 pg protein were mixed in the ratio 2 :1 with the solubilizing buffer. The latter contained 40% (v/v) stacking buffer (Laemmli, 1970) , 28% (v/v) glycerol, 12% (v/v) ß-mercaptoethanol, 8% (w/v) SDS and 0-01% (w/v) bromophenol blue. The gels were stained with Coomassie Brilliant Blue R250 (Sigma, U.S.A.) or periodic acidSchiff (Fairbanks, Steck & Wallach, 1971) . Stained gels were scanned on the densitometer and the mobilities of proteins were calculated relative to the trailing edge of the ion front. Estimates of apparent molecular weight were determined from graphs of relative mobility versus log of molecular weight.
Analysis of data
When appropriate data were examined using analyses of variance. The standard errors shown in Djakiew & Jones, 1981) were highly motile as they entered the micropuncture pipette.
When the spermatozoa were diluted in Krebs-Ringer phosphate (Table 1) , testicular spermatozoa remained immotile, but motility developed during passage through the initial segment of the ductus epididymidis (P < 0001 and < 0-01 for scores of rate and % motile respectively). No change in the pattern of motility was observed in spermatozoa from different parts of the initial segment. However, there was an increase ( < 005) in the mean scores of rate of motility between samples from the distal initial segment (individual spermatozoa) and the terminal segment (spermatozoa in bundles). In the latter samples a comparison of spermatozoa that occurred individually (a low proportion) with those that were in bundles indicated that the former progressed at about the same velocity as spermatozoa from the distal initial segment, i.e. slower than the bundles of spermatozoa. The percentage of unstained spermatozoa also increased along the initial segment (P < 0-001), but showed little change beyond this region (Table 1) .
The cytoplasmic droplet was located around the head of most spermatozoa collected from the testis and ductuli efferentes ( Table 2 ). The droplet migrated distally, and then was lost during the passage of spermatozoa through the initial segment. No other structural changes occurred to spermatozoa during passage through the epididymis. The sperm bundles in the terminal segment consisted of more than 100 spermatozoa wrapped around one another in a helical fashion (PI. 1, Fig. 1 ). The spermatozoa in these bundles were bound together by electron-dense material (PI. 2, Figs 2 & 3) . This was most electron-dense at the apex of a bundle, and immediately around the acrosome where it appeared to form aggregates ; however, a less electron-dense material appeared to form the main matrix which held the spermatozoa together.
Spermatocrits
Centrifugation of the micropuncture samples from the ductus epididymidis resulted in the formation of a translucent layer between the bottom layer which contained spermatozoa and the top clear layer. The upper boundary of the translucent layer was ill-defined, but it was estimated that the layer formed 2-0 ± 0-4% and 12-4 ± 1-3% of the total volume of samples from the proximal and distal ends of the initial segment, respectively, and it formed 13-1 ± 1-8% of the samples from the terminal segment.
Phase-contrast microscopy showed that the translucent layer was composed of very small flocculent material. Electron microscopy showed that the translucent layer consisted of non-sperm particulate matter present in the lumen of the ductus epididymidis (see Fig. 9 (Table 3) were very low for the rete testis fluid but increased between the rete testis and the proximal initial segment of the ductus epididymidis (P < 001), indicating that there was a net absorption by the ductuli efferentes of 74% of the fluid leaving the testis. There was a further increase in spermatocrit between samples from the proximal and distal ends of the initial segment (P < 0001). This increase corresponds to a net absorption by the initial segment of 83% of the fluid entering the segment, or 22% of the fluid leaving the testis. Using the spermatocrit value for the terminal segment it was estimated that there was a net absorption by the epididymis of 95% of the fluid leaving the testis. after accounting for the concentrating effect of fluid absorption in the ductuli efferentes it was estimated that the ductuli were involved in a net absorption of at least 46% of the soluble protein leaving the testis. In this context, the increase in protein concentration along the initial segment corresponds to a net increase of 107%, and the reduction in protein content between the initial and terminal segments corresponds to a net loss of 28% of the soluble protein.
Densitometer tracings of electrophoresis gels for samples of blood plasma and reproductive fluids are shown in Text- fig. 2 (a tracing for samples from the proximal end of the initial segment is not shown since it was qualitatively similar to the tracing for samples from the distal end of the initial segment, Text-fig. 2c ). The apparent molecular weights of the proteins are summarized in Table 4 . All of the samples formed a heavy band for albumin corresponding to a mean apparent molecular weight of 63 500-69 500. The range of estimates of apparent molecular weights of this protein was probably due to different degrees of interference with inorganic ions or other proteins (Gower & Rodnight, 1982) . Blood plasma formed 9 electrophoretic bands whilst rete testis fluid formed 4; only one of the bands in rete testis fluid (Text- fig. 2b , band E) did not correspond to a band formed by blood plasma. The absence in samples from the ductus epididymidis (Text-figs 2c & d) of one of the bands formed by rete testis fluid (band G) indicates that the protein corresponding to band G was selectively absorbed in the ductuli efferentes. Of the 13 bands formed by samples from the initial segment (Text- fig. 2c ), 6 correspond to bands formed by blood plasma (bands A, B, C, H, I & M), 2 correspond to bands formed by blood plasma and rete testis fluid (bands H & I), 1 corresponds to the band specific for rete testis fluid (band E), and 6 are specific to the ductus epididymidis (bands F, J, K, L, O & ). Bands J and O, and particularly P, were the most prominent bands formed by the epididymal fluids; they correspond to glycoproteins with apparent molecular weights of 48 500, 20 500 and 19 000 respectively. The electrophoresis patterns were similar for samples from the initial and terminal segments of the ductus epididymidis indicating that in the terminal segment there was no qualitative loss or gain of specific proteins. 
Discussion
Probably the most noteworthy feature of sperm maturation in the epididymis of the echidna is that the process is virtually complete within the initial segment. The process involves the main events which have been described for eutherian mammals, i.e. the development of motility, change in the location of the cytoplasmic droplet and a decreased permeability of the plasmalemma (Branton & Salisbury, 1947; Glover, 1962; Gaddum, 1968; Jones, 1971 Jones, , 1980 Jones et ai, 1974; Cummins, 1976; Temple-Smith & Bedford, 1976) . The development of motility by echidna spermatozoa differs from the process described in eutherian mammals in that no change in the pattern of motility was detected in individual echidna spermatozoa. This could be due to difficulties of detecting such a change in spermatozoa with a helical structure (Benda, 1906; Bedford & Rifkin, 1979; Carrick & Hughes, 1982) . Nevertheless, the formation of sperm bundles is associated with an increase in velocity which may be analogous to a change in the pattern of motility.
Although echidna spermatozoa are similar to those of eutherian mammals in that there is some change in the location and ultimate loss of the cytoplasmic droplet, there are some dissimilarities. In the echidna the proximal location of the cytoplasmic droplet is around the head of the spermatozoon ; it migrates to the distal end of the middle piece and is discarded into the epididymal lumen. In marsupials the droplet is initially located around the head and neck, but then it condenses to the neck and is discarded into the epididymal lumen (Temple-Smith & Bedford, 1976 , 1980 . In eutherians the droplet is initially located in the neck region ; it migrates to the distal end of the middle piece during epididymal transport, but is not discarded until ejaculation (Branton & Salisbury, 1947; White & Wales, 1961) .
The formation of sperm bundles in the echidna differs from the rouleaux formation in the guinea-pig (Fawcett & Hollen berg, 1963) and flying squirrel (Martan & Hruban, 1970) , and the pairing of spermatozoa in American marsupials (Biggers, Creed & De Lameter, 1963; TempleSmith & Bedford, 1980) . The cellular association in eutherian spermatozoa seems to involve binding of adjacent membranes whereas in the echidna the process is preceded by shedding of the cytoplasmic droplet, and the association involves a matrix of electron-dense material which binds the spermatozoa together. Moreover, the echidna spermatozoa are twisted around one another rather than just stacked together.
The studies described in this report demonstrate that, as in the African elephant (Jones, 1980) , the ductuli efferentes are responsible for the absorption of most of the fluid leaving the testis. The ductuli also absorb nearly half of the protein leaving the testis, and concentrate the remainder in the luminal fluid (Jones, 1980) . The demonstration that a specific protein is absorbed is in agreement with ultrastructural studies on other mammals which show that bristle-coated vesicles are involved in the uptake of luminal fluids during heterophagic digestion by the epithelium lining the ductuli (Sedar, 1966; Flickinger, Howards & English, 1978; Jones & Holt, 1981) . This finding is also in agreement with the work of Koskimies & Kormano (1975) which showed that a number of specific proteins present in the rete testis fluid of the rat are absorbed by the caput epididymidis.
The role of the initial segment of the ductus epididymidis in the absorption of fluid is also demonstrated in this report. Nevertheless, it is doubtful whether this segment would play such a large role in fluid absorption in mammals like the rat because, relative to body size, the initial segment is much shorter in the rat than in the echidna (Djakiew & Jones, 1982b) . Protein secretion is obviously a major function of the initial segment in the echidna, and this segment seems to be the only part of the ductus epididymidis which is involved in the secretion of soluble proteins. In the rat and rabbit, only 1 or 2 proteins are secreted by the initial segment; most proteins are secreted in the more distal segments (Brooks & Higgins, 1980; Jones et al., 1980 .
Djakiew considered that the terminal segment of the ductus epididymidis of the echidna is involved in the storage of spermatozoa available for ejaculation. However, spermatozoa are stored more dilute in the terminal segment of the echidna than in the analogous region in other mammals which have been studied (i.e. spermatocrit of 32% for the echidna compared with approximately 56% for the rat (Levine & Marsh, 1971; Hinton & Setchell, 1980) , 50% for the elephant (Jones, 1980) , and 54% for the bull (Crabo, 1965) . The considerable activity of echidna spermatozoa collected into micropipettes from the terminal segment indicates that their life in situ may be quite short.
These studies show a similar electrophoretic pattern for luminal fluids from the initial and terminal segments, and that the concentration of soluble protein is lower in the terminal than in the initial segment. It is therefore concluded that the terminal segment of the echidna epididymis probably does not secrete soluble protein. Since ultrastructural studies of the epithelium lining the terminal segment indicate that it is not involved in hderophagic digestion (Djakiew & Jones, 1982a) it must be assumed that the reduction in protein concentration between the initial and terminal segments is due to the adsorption or incorporation of protein by membranes. The formation of bundles of spermatozoa as they enter the terminal segment indicates that the protein may be involved in that process.
The findings described in this report are encouraging in indicating that it may be possible to identify homologous proteins secreted by the mammalian epididymis. In this context, the protein corresponding to band in this study is in the same molecular weight range as the forward motility protein (Hoskins et al., 1978) which probably corresponds to a protein of approximately 37 000 in the rat (Olson & Hamilton, 1978) , chimpanzee (Olson & Gould, 1981) and hamster (Gonzalez Echeverría, Cuasnicú & Blaquier, 1982) . The proteins corresponding to bands O and are in the same molecular weight range as two glycoproteins in the rat (Brooks & Higgins, 1980; Jones et al., 1980) , and rabbit , and one glycoprotein in the chimpanzee (Olson & Gould, 1981) and hamster (Gonzalez Echeverría et al., 1982) .
